We experimentally demonstrated the generation of narrow energy-spread electron beams with enhanced energy levels using a hybrid laser-plasma wakefield accelerator. An experiment featuring two-color electron beams showed that after the laser pump reached the depletion length, the laser-wakefield acceleration (LWFA) gradually evolved into the plasma-driven wakefield acceleration (PWFA), and thereafter, the PWFA dominated the electron acceleration. The energy spread of the electron beams was further improved by energy chirp compensation. Particle-in-cell simulations were performed to verify the experimental results. The generated monoenergetic high-energy electron beams are promising to upscale future accelerator systems and realize monoenergetic γ-ray sources.
Introduction
In recent decades, the quality of electron beams (e-beams) has continuously improved with the rapid development of plasma-based particle accelerators, including laser-wakefield accelerators (LWFA) and plasma-driven wakefield accelerators (PWFA), with acceleration gradients surpassing 100 GV/m [1] . Monoenergetic e-beams with multi-GeV energy, low emittance, and large beam charge have been generated in many LWFA experiments [2] [3] [4] [5] [6] [7] [8] . However, the e-beam dephasing length resulting from the accelerated electrons eventually outruns the laser-driven wakefield (v ph < c), which limits the energy gain of the electrons in an LWFA [9] . In contrast, electrons in a PWFA are considerably less affected by dephasing because the wakefield has a phase velocity that matches the driving e-beam (v d ≈ c). Therefore, the e beam in a PWFA can be accelerated over a much longer distance than that in an LWFA. As demonstrated, electrons were accelerated in 85 cm-long plasma and an energy gain of more than 42 GeV was obtained in the PWFA experiments [10] . However, because high-energy and high-current-density electrons were required to drive a high-gradient acceleration wakefield, the electrons that were accelerated in the PWFA came mainly from large-scale conventional accelerators [11, 12] . Nowadays, e-beams generated from an LWFA can satisfy most of the requirements for driving PWFA, which opens up the possibility of accelerating electrons in PWFA in small-scale facilities. Recently, the concept of a hybrid of laser-driven wakefield and beam-driven wakefield acceleration was proposed to accelerate e-beams to high energy [13] . The self-mode-transition from LWFA to PWFA was demonstrated [14, 15] , and two independent experiments verified the feasibility of this scheme [16] while the electrons were actually decelerated by the beam-driven wakefield.
In previous PWFA experiments [10, 17, 18] , a single e-beam was used to both drive the wakefield (the head of the e-beam) and provide the electrons to be accelerated (the tail of the e-beam), which broadened the energy spread of the e-beam. Hence, to narrow the energy spread, two-color e-beams were used in the PWFA-one to drive wakefield and the other to be accelerated [19] , while the energy gain was limited to 1 MeV. In this work, by adjusting the plasma lengths, we generated two-color e-beams and then realized the hybrid acceleration of a laser-driven and plasma-driven wakefield, where one e-beam experienced acceleration enhancement up to 640.7 MeV with a narrowed full width at half maximum (FWHM) energy spread of 1.1%, and the other one lost its energy to 230.5 MeV with a FWHM energy spread of 50.3%. Two-dimensional (2D) particle-in-cell (PIC) simulations were performed to verify the experimental results, and the simulations showed that when the driving laser pump reached the depletion length, the wakefield driven by the laser weakened gradually until the PWFA dominated the electron acceleration. The hybrid laser-plasma wakefield acceleration ensured that the wakefield driven by the first e-beam from an LWFA could not only enhance the acceleration of the second e-beam but also narrow the energy spread of the second e-beam via energy chirp compensation.
Experimental Setup and Experimental Results
The experiments were carried out on the Ti:sapphire laser system (pulse duration:33 fs FWHM, repetition rate: 1 Hz) based on chirped pulse amplification [20] , as shown in Figure 1 . Laser pulses with an 800 nm wavelength were focused on a gas target with a 100 TW on-target power and a 32 µm FWHM spot size using an off-axis parabolic mirror with f/30 optical geometry. The focused peak intensity was estimated to be 3.6 × 10 18 W/cm 2 , corresponding to a normalized vector potential a 0 of approximately 1.3. The accelerated e-beams were deflected by a 90 cm-long tunable dipole electromagnet with a maximum magnetic field of 1.1 T, then imaged onto a Lanex phosphor screen, and finally detected by a 16-bit intensified charge-coupled device (ICCD). The gas target was similar to the one we used in the cascaded LWFA [7, 21] , and consisted of two supersonic helium gas nozzles. In the experiments, the diameter of the first gas nozzle (d 1 ) was fixed at 2 mm, and that of the second (d 2 ) was changed from 3 to 5 mm. By adjusting the gas pressures of the two gas nozzles and optimizing the horizontal span between them, two-color e-beams could be generated using similar combined injection techniques [21] . Recently, a new scheme involving the combination of shock-front injection with colliding-pulse injection also realized the generation of two-color e-beams [22] . The density profile was measured using an optical interferometer system in which a probe pulse crossed the gas targets perpendicularly and was then imaged onto a charge-coupled device (CCD). As shown by the white line in Figure 2b , the plasma density of the first gas nozzle was measured to be n e1 = (5.0 ± 0.1) × 10 18 cm −3 . After the first nozzle's density plateau, a 200 µm-long density up-ramp with a maximum density of (7.5 ± 0.1) × 10 18 cm −3 was generated, followed by a 200 µm-long density downward. Finally, the density profile entered into the second density plateau, which was measured to be n e2 = (3.5 ± 0.1) × 10 18 cm −3 . In the experiments, two-color e-beams with different energy spectra were produced (Figure 2a ) by using different diameters (2.0, 3.5 and 5.0 mm) for the second supersonic gas nozzle. Figure 2b shows the corresponding plasma channels with different plasma lengths imaged on the interferometer CCD and the white line represents the measured density profile. As the propagation distance of the laser increased, the width of the plasma channel gradually became larger. Because the on-axis normalized laser amplitude was inversely proportional to the square of the radius of the plasma channel [23] , the laser intensity began to decrease, and finally, the pump depleted completely. The pump depletion length can be described as = ( / ) , where c is the light speed in vacuum, is the laser pulse duration, is the laser frequency and is the plasma frequency [24] . For example, at a density of 3.5 × 10 cm , ≈ 5 mm. The corresponding angle-resolved energy spectra are shown in Figure 2c , and the parameters of the generated e-beams are listed in Table 1 . For the low-charge e-beam, as the plasma length increased, the energy of the beam increased In the experiments, two-color e-beams with different energy spectra were produced (Figure 2a ) by using different diameters (2.0, 3.5 and 5.0 mm) for the second supersonic gas nozzle. Figure 2b shows the corresponding plasma channels with different plasma lengths imaged on the interferometer CCD and the white line represents the measured density profile. As the propagation distance of the laser increased, the width of the plasma channel gradually became larger. Because the on-axis normalized laser amplitude was inversely proportional to the square of the radius of the plasma channel [23] , the laser intensity began to decrease, and finally, the pump depleted completely. The pump depletion length can be described as = ( / ) , where c is the light speed in vacuum, is the laser pulse duration, is the laser frequency and is the plasma frequency [24] . For example, at a density of 3.5 × 10 cm , ≈ 5 mm. The corresponding angle-resolved energy spectra are shown in Figure 2c , and the parameters of the generated e-beams are listed in Table 1 . For the low-charge e-beam, as the plasma length increased, the energy of the beam increased In the experiments, two-color e-beams with different energy spectra were produced (Figure 2a ) by using different diameters (2.0, 3.5 and 5.0 mm) for the second supersonic gas nozzle. Figure 2b shows the corresponding plasma channels with different plasma lengths imaged on the interferometer CCD and the white line represents the measured density profile. As the propagation distance of the laser increased, the width of the plasma channel gradually became larger. Because the on-axis normalized laser amplitude was inversely proportional to the square of the radius of the plasma channel [23] , the laser intensity began to decrease, and finally, the pump depleted completely. The pump depletion length can be described as L pd = cτ L ω 0 /ω p 2 , where c is the light speed in vacuum, τ L is the laser pulse duration, ω 0 is the laser frequency and ω p is the plasma frequency [24] . For example, at a density of 3.5 ×10 18 cm −3 , L pd ≈ 5 mm. The corresponding angle-resolved energy spectra are shown in Figure 2c , and the parameters of the generated e-beams are listed in Table 1 . For the low-charge e-beam, as the plasma length increased, the energy of the beam increased and its energy spread decreased. For the high-charge e-beam, the opposite was true. Theoretically, as the laser propagated to 5.5 mm in shot #2, the laser intensity decayed. When the plasma length increased sustainably to 7 mm, both the e-beams did not get energy from the laser wakefield compared to shot #2. However, the low-charge e-beam still accelerated to 640.7 MeV with a narrow energy spread of 1.1%, and the energy of the high-charge e-beam decreased rapidly with a large energy spread of 50.3%, which is considerably larger than the theoretical value [25] . Moreover, to investigate the stability of the generation of two-color e-beams, a series of e-beam measurements when the plasma length was 7.0 mm were recorded to analyze the fluctuation of the energy and the FWHM energy spread, as shown in Figure 2d . The fluctuation of the e-beams' energy and the energy spread came from the shot-to-shot fluctuation in laser power and the small jitter in gas density. Table 1 . Parameters of e-beams corresponding to Figure 2a . The subscript "h" represents the high-energy e-beam, and the subscript "l" represents the low-energy e-beam.
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Simulation Results
To understand this interesting phenomenon and gain insight into the experimental results, 2D PIC simulations were performed using the Vorpal code. The simulations showed that after the laser pump reached the depletion length, the acceleration mode changed from LWFA to PWFA gradually, and the wakefield driven by the high-charge e-beam dominated the following electron acceleration, so the low-charge e-beam could be accelerated sustainably.
In the simulation, a linearly polarized Gaussian laser pulse, with wavelength λ 0 = 0.8 µm, normalized amplitude a 0 = 1.6, FWHM pulse duration τ = 33 fs, and FWHM spot size ω 0 = 30 µm, was inserted from the left boundary of a moving window. The window size was 60 × 76.8 µm 2 in the longitudinal and transverse directions, and the grid cell size was determined as ∆x = 0.04 µm, ∆y = 0.064 µm. The laser pulse propagated in a 7.04 mm-long plasma, with the density profile of the plasma set to fit the measured density.
The phase variation of the plasma wave is affected both by the density distribution and the variation of the laser pulse intensity, and the phase velocity of the base of the bubble can be approximated as [26] , where k p is the plasma wave number and c is the light speed in vacuum. The evolution of the laser intensity a 0 is shown in Figure 3b . At the first density plateau (dk p /dx = 0), the laser intensity a 0 increased from 1.6 to 3, owing to the laser self-focusing, and the phase velocity β p decreased rapidly, which caused the self-injection of the first e-beam at x = 0.88 mm. After that, the laser intensity decreased and the phase velocity β p . began to increase at x = 1.04 mm; therefore, the following injection was prohibited. Compared with our previous work [7, 21] , the density bump was introduced later due to the larger diameter of the first gas nozzle. Although the laser experienced further intense self-focusing because of the special plasma density profile, the upward region of the density bump from x = 2.0 mm to 2.2 mm could counteract the influence of the increased laser intensity [7] , and β p still remained higher than the light speed in a vacuum. What followed was a downward density ramp (dk p /dx < 0), taking the effects of the decreasing density and the increasing laser intensity into account, and the density-gradient injection of the second e-beam occurred at x = 2.4 mm. The evolution of the transverse laser beam profile along the laser propagation is shown in Figure  3a . Figure 3a ,b indicates that the laser pump depletion length was approximately 5.44 mm. Figure  3d -f shows three snapshots of the electron density distribution and the wakefield structure. As shown in Figure 3d , the second e-beam (circled in white) with a charge of 6.4 pC was injected into the wakefield as the laser propagated to x = 2.4 mm, and the first e-beam (circled in red) with a total charge of 30.6 pC preceded the second e-beam with a separation distance of 12.4 μm. At x = 4.8 mm (Figure 3e ), the first e-beam reached the front part of the bubble and entered into the deceleration region. When the laser propagated to x = 7.04 mm, the laser pump depleted. Figure 3f shows a new bubble structure without any laser which was excited by the first e-beam. Figure 3c shows the evolution of the energy of the two-color e-beams. When the first e-beam reached its dephasing limit, its peak energy was about 441.1 MeV and that of the second e-beam was 358.2 MeV. With the sustainable acceleration of the PWFA, the second e-beam finally gained a peak energy of 649.1 MeV with an energy spread of 1.2% On the other hand, since the first e-beam drove the wakefield, it lost energy up to 244.3 MeV with a large energy spread of 59.6%. Because the charge of both the e-beams was far below the beam-loading loaded charge, the beam-loading effect could be neglected [27] .
The energy distribution of the e-beams along the x-axis with the on-axis wakefield at different times is shown in Figure 4a -f. Figure 4a-d indicates that because of the decay of the driving laser intensity, the maximum longitudinal acceleration electric field / decreased from 0.048 (x = 2.4 mm) to 0.012 (x = 5.44 mm), where is the maximum acceleration field and is the cold nonrelativistic wave-breaking field [9] . However, as the laser pulse propagated to x = 5.84 mm ( Figure  4e ), / increased up to 0.033, which implies that the driving source of the wakefield had gradually changed from the laser pulse to the e-beam. The evolution of the transverse laser beam profile along the laser propagation is shown in Figure 3a . Figure 3a ,b indicates that the laser pump depletion length was approximately 5.44 mm. Figure 3d -f shows three snapshots of the electron density distribution and the wakefield structure. As shown in Figure 3d , the second e-beam (circled in white) with a charge of 6.4 pC was injected into the wakefield as the laser propagated to x = 2.4 mm, and the first e-beam (circled in red) with a total charge of 30.6 pC preceded the second e-beam with a separation distance of 12.4 µm. At x = 4.8 mm (Figure 3e ), the first e-beam reached the front part of the bubble and entered into the deceleration region. When the laser propagated to x = 7.04 mm, the laser pump depleted. Figure 3f shows a new bubble structure without any laser which was excited by the first e-beam. Figure 3c shows the evolution of the energy of the two-color e-beams. When the first e-beam reached its dephasing limit, its peak energy was about 441.1 MeV and that of the second e-beam was 358.2 MeV. With the sustainable acceleration of the PWFA, the second e-beam finally gained a peak energy of 649.1 MeV with an energy spread of 1.2% On the other hand, since the first e-beam drove the wakefield, it lost energy up to 244.3 MeV with a large energy spread of 59.6%. Because the charge of both the e-beams was far below the beam-loading loaded charge, the beam-loading effect could be neglected [27] .
The energy distribution of the e-beams along the x-axis with the on-axis wakefield E x at different times is shown in Figure 4a -f. Figure 4a-d indicates that because of the decay of the driving laser intensity, the maximum longitudinal acceleration electric field E max /E 0 decreased from 0.048 (x = 2.4 mm) to 0.012 (x = 5.44 mm), where E max is the maximum acceleration field and E 0 is the cold nonrelativistic wave-breaking field [9] . However, as the laser pulse propagated to x = 5.84 mm (Figure 4e ), E max /E 0 increased up to 0.033, which implies that the driving source of the wakefield had gradually changed from the laser pulse to the e-beam. Finally, we analyzed the energy spread variation of both e-beams when the acceleration mode changed from LWFA to PWFA. The energy spread of an e-beam consists of two components: the transverse energy spread ∆ , and the longitudinal energy spread ∆ . Because ∆ remains unchanged in the LWFA stage [28] and is compressed in the PWFA stage [15] , the analysis of only ∆ is considered in the following discussion for simplicity. For an initial injected e-beam in an LWFA, the energy chirp is usually negative, with higher-energy electrons in the front and lowerenergy electrons at the tail, so the initial longitudinal energy spread ∆ < 0. The evolution of the ebeam longitudinal energy spread can be described as ∆ε = ∆ + e , where =( − )/ is the slope of the wakefield, corresponding to its dispersion, is the e-beam length, and is the acceleration length [25] . When the e-beam entered the acceleration region in the LWFA, |∆ε | decreased because the dispersion of wakefield in this region was positive ( > 0) and therefore, compensated for the negative energy chirp of the e-beam. After the higher-energy electrons at the tail overtook those in the front (∆ε > 0), the e-beam energy chirp reversed to positive, and finally, the ebeam longitudinal energy spread began to increase. Figure 4a -c shows this process in detail, as well as the evolution of the energy spread of both e-beams (Figure 3c ), indicated in the LWFA stage. The minimum energy spread of the first e-beam was approximately 2.4% (Figure 4b) , and that of the second e-beam was approximately 1.8% at x = 4.96 mm (Figure 4c) . At x = 5.44 mm (Figure 4d ), the energy spread of the second e-beam increased and its energy chirp was reversed to positive.
When the acceleration mode changed to PWFA, the first e-beam became the main driver of the wakefield. As shown in Figure 4e , the second e-beam was located at the tail of the wakefield and it experienced a negative-dispersion wakefield ( < 0), which again compensated for its positive energy chirp. Since the phase velocities of the two-color e-beams were almost the same, the acceleration phase of the second e-beam could be maintained in the negative-dispersion wakefield for a long time. Finally, after undergoing the hybrid acceleration process over a distance of 7.04 mm, the second e-beam obtained a peak energy of 649.1 MeV with an energy spread of 1.2%, while the driving e-beam lost energy up to 244.3 MeV with 59.6% energy spread, as shown in Figure 4f . These results were in reasonable agreement with the experimental results.
To realize the transition from the LWFA to PWFA in our scheme, two-color e-beams should first be generated and the charge of the first e-beam must be larger than the second one. In our experiments, by controlling the gas pressure of the two gas nozzles and the horizontal span between them accurately, the position, the width and the maximum density of the density bump could be adjusted, which made it possible to control the injection position and the charge of the e-beams with a relatively good stability. Besides, in order to further achieve the energy chirp compensation in the PWFA process, the second e-beam should be located at the negative-dispersion wakefield driven by Finally, we analyzed the energy spread variation of both e-beams when the acceleration mode changed from LWFA to PWFA. The energy spread of an e-beam consists of two components: the transverse energy spread ∆ε T , and the longitudinal energy spread ∆ε x . Because ∆ε T remains unchanged in the LWFA stage [28] and is compressed in the PWFA stage [15] , the analysis of only ∆ε x is considered in the following discussion for simplicity. For an initial injected e-beam in an LWFA, the energy chirp is usually negative, with higher-energy electrons in the front and lower-energy electrons at the tail, so the initial longitudinal energy spread ∆ε x0 < 0. The evolution of the e-beam longitudinal energy spread can be described as ∆ε x = ∆ε x0 + eE l x l a , where E =(E f ront − E back )/l x is the slope of the wakefield, corresponding to its dispersion, l x is the e-beam length, and l a is the acceleration length [25] . When the e-beam entered the acceleration region in the LWFA, |∆ε x |. decreased because the dispersion of wakefield in this region was positive (E > 0) and therefore, compensated for the negative energy chirp of the e-beam. After the higher-energy electrons at the tail overtook those in the front (∆ε x > 0), the e-beam energy chirp reversed to positive, and finally, the e-beam longitudinal energy spread began to increase. Figure 4a -c shows this process in detail, as well as the evolution of the energy spread of both e-beams (Figure 3c ), indicated in the LWFA stage. The minimum energy spread of the first e-beam was approximately 2.4% (Figure 4b) , and that of the second e-beam was approximately 1.8% at x = 4.96 mm (Figure 4c) . At x = 5.44 mm (Figure 4d ), the energy spread of the second e-beam increased and its energy chirp was reversed to positive.
When the acceleration mode changed to PWFA, the first e-beam became the main driver of the wakefield. As shown in Figure 4e , the second e-beam was located at the tail of the wakefield and it experienced a negative-dispersion wakefield (E < 0.), which again compensated for its positive energy chirp. Since the phase velocities of the two-color e-beams were almost the same, the acceleration phase of the second e-beam could be maintained in the negative-dispersion wakefield for a long time. Finally, after undergoing the hybrid acceleration process over a distance of 7.04 mm, the second e-beam obtained a peak energy of 649.1 MeV with an energy spread of 1.2%, while the driving e-beam lost energy up to 244.3 MeV with 59.6% energy spread, as shown in Figure 4f . These results were in reasonable agreement with the experimental results.
To realize the transition from the LWFA to PWFA in our scheme, two-color e-beams should first be generated and the charge of the first e-beam must be larger than the second one. In our experiments, by controlling the gas pressure of the two gas nozzles and the horizontal span between them accurately, the position, the width and the maximum density of the density bump could be adjusted, which made it possible to control the injection position and the charge of the e-beams with a relatively good stability.
Besides, in order to further achieve the energy chirp compensation in the PWFA process, the second e-beam should be located at the negative-dispersion wakefield driven by the first e-beam, which means that the distance between the two-color e-beams ∆x should be approximately equal to the driven bubble size r pm of the first e-beam. The maximum radius of wakefield structure for a particle beam driver is r pm ≈ 2
√
Λc/ω p2 , where Λ is the peak normalized charge per unit length and depends on the density and spot size of the e-beam [24, 29, 30] .
Conclusions
In conclusion, we generated two-color e-beams in LWFA experiments and realized the hybrid of laser-plasma wakefield acceleration. When the plasma length was increased to be larger than the laser pump depletion length, one e-beam was still accelerated to 640.7 MeV with 1.1% FWHM energy spread and the other e-beam lost its energy rapidly to 230.5 MeV with 50.3% FWHM energy spread. These results were verified using 2D PIC simulations, and the simulations confirmed that after the laser pump depleted, the acceleration mode changed from LWFA to PWFA. Thereafter, the PWFA dominated the electron acceleration and enhanced the energy of the second e-beam. Moreover, the second e-beam could achieve a narrow energy spread because the energy chirp compensation further compressed its energy spread in the PWFA stage. This scheme of e-beam generation is useful not only for realizing a small-scale PWFA experimental facility but also to boost electron energy after dephasing or laser depletion in LWFA. The narrow energy-spread e-beams will lead to the realization of monoenergetic γ-rays.
